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The invention relates to methods of making sol-gel films on substrates, and the use of such 
films in, for example, biosensors and micgo ar ra ya . 

Sol-gels have been know about for over a hundred yews, although fhdr macWicm of 
formatiott was not explored until relatively recently, They have been used for a wide 
variety of applications, including optical coatings,, dielectric semi-conducting uses and 
protective coatings. It is now known mat it is possible to form, films by direct usage of 

colloidal metal hydroxides, metal alkoxides or their pre-hydrolysed monomers. Dip 

coating of substrates is still normally used to coat substrates. 



Dip coating Involves the dipping of a substrate into a mixture containing the sol. The 
sol-gel formed will vary in thickness depending on a wide variety of factors including the 
speed of me withdrawal of the substrate from the mixture and the viscosity of me mixture. 

Spin coating involves spinning the substrate on a turntable. A drop of sol mixture is 
dropped onto the spinning substrate and is dispersed across the surface of the substrate by 
centrifugal force, the disadvantage of this technique is tiat it is hard to control the final 
thickness of the sol-gel coating and is hard to produce a uniform thickness across the 
surface of the substrate. 

Jones W.M. and Hschbach (D.B.), J. Non-CrystaUine Solids (1988), Vol. 103., pages 
123-126 disclose the production of silica hydrogels fiom acidified tctraethoxysilane 
(TEOS). Una material farms sol-gels at room temperature, but takes several days to several 
weeks. The authors show that it is possible to increase me rate of sol-gel fonuation by 
adding dilute ammonium hydroxide. However, this is still slated to take several minutes at 
room temperature. Furthermore, no control of the position of the gel was disclosed, 

US 5,658,083 discloses a sensor for detecting urea. This uses a layer of a sol-gel containing 
urease trapped within the sol-gel matrix. Entrapment of the urease is stated to be by 
•'standard methods", that is dinning, spraying, painting etc. 
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Lillis B etal (Sensors aod Activators B68 (2000% pages 109-1 14) disclose lactate oxidase 
immobilisation in four different sol-gel matrices. Glucose oxidase was also immobilised in 
such, matrices. The sol*gels improved the stability of the enzymes, Sol-gels wess prepared 
by aliquoting exKycae-cofltafr^ sol-gel solutions into a 96-well plate and drying onto a 
membrane. The disadvantage of such a method is thai there is little control over the 
evestfual thickness and nmfrmmty of the sol-gel layer. 

Sol-gels have also been used to imtnobilise bacteria for vjnjs panicle detection (Black E. et 
«4 J. Non t Cryst Solids (2001), vol 285, pages 1-3). 

Th© probJsm with conventional techniques of ptodwing sol-gel layers is that they take a 
relatively long time to produce. They are also difScult to control to produce a unifotta aod 
t eptaducible layer. Cojjyentional techniques, such as dipping and spin-coating also prevent 
die accurate deposition of small areas of sol-gels. This prevems the conventional 
technology being used in areas syhere reproducibility of spatial control is critical, such as 
the formation of bioassays, such as microatmys, end biosensors, such as mdcrobjosensors. 

Biosensors contain an electrode with, a biorecognition molecule such as such as enzymes, 
antibodies, ofgttxeltes and whole cells to allow the specific identification of aaalytes such 
as mctabolytes, ions, gases and organic vapours. Such biorecognhion elements ate 
typically attached to a transducer, such as an electtochemieal ? piezoelectric, optoelectronic, 
fibreoptic, ifcfinnfeter, diode or Sutfitoe acoustic device, to enable the biedtag ef the analyte 
to the biorccognition ejemetrt to be detected- Amperometric biosensors, &r example, are 
reviewed in the article hy Palmteaoo R, et al (Fresenius J- Anal. Cbsm. (2000), Vol 366. 
pages 586-601). A wide range of mediator compounds and mediator polymery have beea 
used to enable the transfer of electrons from a, suitable biorecognition element, such as an 
enzyme, to an electrode, 

EP 0537761 discloses a biosensor comprising an electrode on a substrata of polyethylene 
tet^hthalKte. An enzyme, such as xanthine oxydase is attached to an electrode via an 
electron acceptor, such as potassium ferrieyanide. 



S5-NOU-E0ae 15:42 FROM : WITHERS & ROSS. 0lg26 335519 70:4*1633 814444 

.( 



P.0B6'031 



• 




Burmister J.J. and Geihardt OA, (Anal- Chem. (2001), Vol. 73. pages 1037-1042) 
discloses a csratnic-based multisite tetrode comprising a plurality of separate 
electrochemical sensors arranged along the length of a needle micro electrode. A ceramic 
material is used as the base for such an electrode and the mic*o electrode is cut out by 
means of a laser. 

Scroeirivas G., er a/. (Anal. Chem. (1996), VoL 68, pages 155S-1864) discloses the 
fabrication of sputtered-carboxi micro electrode comprising a series of electrochemical 
sensors arranged along the length of a needle xnicroptobe. 

Microairays arc an orderly mangemeai of samples, on, for example, a microplate or a 
membrane. The samples may be any of a variety of biological materials, including DMA, 
RNA,, proteins, peptides, antibodies, viruses or even whole cells. The samples on 
microarrays are typically 200 microns in diameter. Microauays are typically used to screen, 
for example, several genes at once. 

Sol-gels have potential for improving the stability of biological material and for filtering 
materials prior to contacting the biological material. However, conventional methods of 
sol-gd deposition do not allow the spatial resolution for the production of such 
microarrays. 

Sol-gel films have been pxepjsced by dectrodeposition and electrochemical techniques. The 
eleotrodeposition of sol-gete is described in the article by Shactim fc.„ et <*l (Adv. Mater 
(1999), Vol, 1 1 (5X pages 384-388. 

The Shacum paper describes a method of the ejectrodeposition methyitrimeihoxysiiane 
(MeTMOS) on indium-tin-oxide, Tbe authors of the paper use an acidified suspension of 
MeTMOS in a solution of ethanol and potassium nitrate, buffered to pH 3.5 with phthalate 
bufifer. The indium-tin-oxide electrode was placed in the solution for Tip to 30 mtoutes 
whilst an electrical potential was applied to the electrode. The electrical potential was 
observed to cause a layer of sol-gel to be deposited on the sm&ce of the electrode. The 
reduction of nitrate on the surfece of the electrode was thought to cause a localised increase 
in pH at the electrode surface according to equation 2 (below). Nitrate is reduced by the 
electrical current at the electrode to produce hydroxide ions: 
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1) H + + e--*V4E& 



This was thought to cause the catalysis of the formation of the sol-gel at the electrode 
surface. The reaction is complex but was thought to be able to be summarised as; 

MeSi(OMe>3 + KbO -> MeSi(OH>3 + MfiOH (unbalanced) 

MeSi(OH>a M0aSinOpM q + H*0 (unbalanced) 
(sol-gel) 

The Inventors have realised that the selective dcctzo-d&posiixon of sol-gels could be a way 
of selectively depositing a layer of biorecogmtion molecules onto a surface to form,, fox 
example, a biosensor. However, -die low pH and the relatively long application of the 
electrical potential tends to denature biorecogmtion elements within the sol-gel resulting in 
very poor results. Neutralising the acidified sol suspension, prior to applying an electrical 
potential to the electrode,, has unexpectedly been fbuad to allow the successful application 
of biorecognition elements, without theit substantial denaturation. This also unexpectedly 
reduces the amount of time that it takes to deposit the sol-gel on the electrode, therefore 
decreasing production time. The formation of sol-gel? by electrodeposition also allows (he 
thickness of the layer to be controlled. The position of the sokgel can he selected by 
applying an electrical poteatfel to a specific pkrt of a substrate allowing selective 
deposition on e,g, a biosensor or microarray. These advantages can be applied to various 
uses of sol-gels Including the production of biosensors and microarfcays, Wfcaw b<o$QO£OTS 
are made, increases in sensitivity over known methods have been observed. Furthermore, 
this technology allows, for example, microanays and biosensors to be made relatively 
inexpensively. 

The invention provides a method of producing a layer of a sol-gel on a substrate 
comprising the stops of 

(a) providing an acidified sol suspension; 
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(b) at least partially neutralising the acidified sol suspension to form a neutralised sol 



(c) contacting an electrically conductive surface -with the neutralised sol suspension; 
and 

(d) applying negative electrical potential to the electrically conductive surface to cause 
a layer of sol-gel to form on the surface of the electrically conductive surface. 

By sol-gel we mean a colloidal suspension of sol particles that is gelled to form a solid. A 
sol is made of colloidal particles which are, prior to gelling, dispersed in a fluid such as 
liquid. Typically colloidal particles have a size of 1 nm to 1 00 nm diameter. 

The acidified sol suspension contains the sol-gel monomer that condenses on applying the 
electrical potential to create the sol-gel. 

Preferably the neutralised sol suspension has one or more biological material elements 
addad prioT to applying the electrical potential. Such biological material includes proteins 
auch as enzymes and antibodies, and fiagmeats of antibodies such as Fab and F(ab'n. 

nucleic acids (such as DNA, RNA or oligonucleotides), organelles, peptides, 

polysaccharides, oligosaccharides, biomiroctic polymers, viruses, microorganisms, and. 

whole oukaryotto or prokaryotic cells. Most preferably, the biological material is an 

enzyme. 



Potentially any biological material may be used. A mixture of such materials may be used. 
Microarrays containing different biological materials ate well known in the art, and the 
technology of the invention may be applied to the production of such microarrays or indeed 
larger biological assays, such as immunoassays. Immunoassays are used for a wide variety 
of assays, including the assay of hormones associated with pregnancy. 

Micrearmys or other biological assays may contain, for example, nucleic acid probes, such 
as DNA probes immobilised in me sol-gel. Proteins, such as enzymes and receptors, 
peptides, aptamcrs or substrates for example enzymes or antigens, for assaying antibodies 
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may also be incorporated. Ligands for assaying for the interaction with peptides may also 
be provided. Alternatively, peptides may be provided, for example to assay for, Of study 
pcptide-ligand interactions. Small molecules, such as co-fectois, colorimetdc molecules, 
fluorescent molecules and luminescent molecules (such as entrapped dyes) may be 
incorporated into lie sol-geL The use of microaitays is reviewed in Templin M. Weld 
(Trends in Biotechnology (2002), VoL 20, pages 160-165) and Angenendt P et aj (Anal. 
Biochem. (2002) vol 309, pages 253-260), 

Enzymes may be used to form for example biosensors. 

Preferably, the enzyme is selected from one or more of xanthine oxidase, glucose oxidase, 
lactate oxidase, cholesterol oxidase, galactose oxidase, glntamate oxidase, horse radish 
peroxidase, polyphenol oxidase, D-fructose dehydrogenase, L-gtutamate dehydrogenase, 
alcohol dehydrogenase (such as methanol dehydrogenase), urease, uricasc, lactate 
dehydrogenase, glutamic pyruvic transaminase, creadnase, sarcosinc oxidase, gfrifiaminase, 
nucleoside pbosphoiyfose, ascorbate oxidase, cytochrome C oxidase, adenosine deaminase, 
D- or L-amino add oxidase, tyrosinase and/or cholinedehydrogpnase. Other enzymes 
known in the ait may also be used. The enzymes may be used separately or two or more 
together in the form of a cascade to measure one or more different substrates. Typically, 
such electrodes use an oxidoreductase which is capable of tokening an electron, 
preferably via a mediator, onto the electrode. Alternatively, the enzyme may be capable of 
receiving an election from the electrode, optionally via a suitable mediator. 

Most preferably the enzymes used are: 

Glucose oxidase - to measure glucose in, for example blood. 

A cascade containing creatinine amidohydiolase (EC 3.5.2- 10), and creatine 
funidohydrolase (EC 3,5.3.3) and sarcosinc: oxygen oxidoreductase (demethylatmgXEC 
1 .5.3.1), may be used to measure creatinine e-g. in blood. These enzymes convert creatinine 
to creatine, creatine to sarcosine, and sarcosine to glycine, formaldehyde and hydrogen 
peroxide respectively. Hydrogen peroxide is measured at an electrode surface. 

Cholesterol may be measured using steiyi-ester acyl hydrolase (EC 3.1.1.13} and 
cholesterol: oxygen oxidoreductase (EC 1.1.3.6) to convert cholesterol ester to amongst 
other product?, detectable hydrogen pete?dde. 
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Triglycerides may also be measured by converting them to detectable hydrogen peroxide 
using a cascade of lipoprotein Lipase (EC 3.1.1.34), ATP ; glycerol 3-phosjdiotrajifcrase 
(EC 2.7.1.30) and glycerol 3 -phosphate oxidase. 

Adenosine may use adenosine deaminase, nucleoside phosphorylase and xanthine oxidase 
to detect it 

ATP may be detected with glycerol kinase and glycerol-l,3-pbosphate oxidase, 

Xanminc oxidase may be used, for example, to delect hypoxanthbe. If xanthine oxidase is 
■used together with nucleoside phosphorylase, then the electrode may be used to detect 
xanthine, inosine and bypoxanthine. The addition of adenosine deaminase to the enzymes 
converts purines, such as adenosine, into Inosine, therefore allowing the detection of 
purines such as adenosine by the sensor. 

Most preferably, one or mone enzymes is added. The ability to induce several enzymes at 
the same time improves the speed of production of the biosensor and the response 
obtainable by such biosensors. 

The enzymes may produce a difiusablc molecule, such as H*0 2 which is detected at the 
electrode. Alternatively, a mediator may be used to transfer electrons to or from me 
electrode of the biosensor. 

Other enzymes include Rnase, DNase, nuclease, ribonuclaaso and catakse. Active proteins, 
such as haemoglobin, myoglobin, collagen or tubulin may bo added. Antibodies or 
fragments of antibodies, such as IgG, IgM or Fab or F(ab')2 ftagements may also be 
incorporated. 

Preferably, the acidified suspension has a pH of less than pH 4, especially less than or 
equal to pH 3.5. 



The pH of the neutralised sol suspension is preferably pH 5 to pH 7.5, more preferably pH 
5.5 to pH 7.0, or pH 6,0 to pH $.5, especially pH 6.3. This is preferably neutralised by the 
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addition of a suitable bufier such as phosphate Ctf Tris buffer. This allows the pH to be 
accurately controlled. 

Hie sol preferably comprises a sol of alkoxysilane, alumina or colloidal metal hydroxide. 

US 6303290 discloses a ceramic oxide colloidal sol which may be mixed with, an acidified 
salt solution. Adding hydroxide increases me pH causes the formation of a sol gel. Using 
the method of the invention, instead of hydroxide, is expected to allow the 
eJecnodepbsition of the sol-gel onto a substrate. 

Accordingly, preferably the sol is a ceramic oxide sol, such as titanium oxide. 

2frconia ceramics may also be used as the sols. Gaeorgbies Cetal (Analele Stiwtifice Ale 
Univcrsitatii, Tomul XLV - XLVI, s. Ffcdca Starii Condensate (1999-200D) pages 268-275) 
discloses cathodtc depositions of Ziroonia sol-gels. The electrical current was used to 
produce hydroxide ions which caused the deposition of the film. Preferably the acidified 
sol is ZrOCNQj). 

Preferably the sol is a silane. Preferably it has a general formula: 

I 

R4-SiORi 

L 



where: 

Ri straight chain* branched chain, cyclic, non-cyclic, (saturated Of UOT-$amrated, 

substituted or norv*substitu1£d alkyl; substitute ojr non-substituted «yl; 
-NRjj and -COR$ the alkyi preferably contains U 2, 3, 4, 5 or 6 carbon 
stoma 
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Ra, R3 and are independently selected front; straight chain, branched chain, cyclic, 
non-cydio, saturated or non-saturated alkyl; -COR&; -O-alkyi; and -O-COR*; 
preferably containing 1, Z, 3, 4, 5, or 6 carbon atoms, 

R 5 = branched or non-braacb^d cyclic or Don -cyclic, saturated or non-saturated 

alkyl; or ^ ^ 5 prcfo«bly containing 1,2, 3 A 4, 5, or 6 carbon atoms; 

Rs= methyl, ethyl ot propyl. 

Preferably Rj is methyl, ethyl, propyl, -NCHCHaCHs* -NC(CEb)CHiCH 3 , 
^NCC^CHaCHCCHj^-COCHjor-N^ < f > 



Preferably Ba ? R* and R4 aye independently,, methyl, ethyl, propyl, -O-meftyl, -O-etihyL, 
-O-propyl* -CHCHz, < O } Of -OCOCH3, 



Preferably the silanes are selected from: 

Tetea msthoxysdlane (TMOS), tetra e%<xsysllatje (TEOS), fo^apropox^j^e, 
methyltrimethoxysilanc, methyltriethoxysUane, mcfbyltrisCmethyl-ethylketoxime) silane 
(MOS), methyl tris(acetoxime) silanc, dimethyidi{met^ silane, 
trimetliyl(met^ silane, vinyl tris (methylethylketoxime) sjQane (VOS)» 

methyl tds (mcthyBsobutylketoxiine) sila&e, me&ylvinyl di (me&yl^hylfcetoxime) sila&e, 
methyl-vinyldi (cyclo hertanoncoxime) silann, vinyl tos (methyl isobuiylketoxime) silane, 
phenyltris(methylethyl ketoxime) eilane (POS) 9 methyl triaccDoxysilane and 
tetiwcetoxysUme. 

Most preferably the silane is tetramethcscysllanc (TMOS). 
Such silanes axe known in the art and available commercially. 



Two or more silanes may be used. 
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Preferably a silage coupling agent is added. Such coupling agents contain a reactive group 
such as an amine, sulpbydryl, oxy a aoylate, vinyl or chloro group- Thia may be to the 
acidified sol suspension or to the neutralised sol suspension* These have been found to 
improve -the stability of the film- Preferred coupling agents iflstode: 



AD^oprc^yltrietboxysilane 
An^opropyftrimeflwxys 
Axxdnopropylmethyidii^oxysilane 
Aminopfopylemthyl^^^ 

Aniino^ylaminopropyltrimfiAoxysti^ 

Aminoethylaminopit^ 

Aminoethylaminapr^ 

Dieihyfendftfen^^ 

Die^ylcrietriaminopropyltriet^ 

DiethyJenBtriaminopro{ylmc 

DiethylaietriaaDOtoopro 

Cydohjexylaminopxopyltrimctho^ 

H&yanedinminomethyldiethoxysllanQ 

Aniliao;roe^ 

Anilomefhyltri^ 

DieAylaxninojro^iyltricthoxy^Iana 

(Picfhylaind^mc^ 

Methylarainopn^yi^^ 

Bfe(triclfco*}^^ 

Bis(trietho20fs%^ 

Men^topropjdtdn^^ 

MercaptopropyltrfethoxyBilane 

Merc^topropylme%Idimetho 

3-tMooyaxtfopropyM 

Glyeidoxypropylt^ 

Glyddoxypropyltrietho^saaij© 
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GlycidojjyTaxjpjijDiethsddime^oxyd^ 
MeJira^lojiyprDpyltrimethoxysilane 
j MethaciyioxypjTOpyltrit^ioxysilane 
| Meth ^loxyprcpyime*M 

CUomprofyltrimethoxysilane 
Chloropnopyltri ethoxysilanc 
ChlorcanethyltriethoxysilaJie 
CUoromefhyJtrimethDxysilaiie 
DichlOTomethyltrietljoj^ilano 
Vinyltrim ethoxysflarie 
Vinyltrietiioxysilaa e 
Vinytok(2-meliioxyEti)oxy)silane 

An electrical potential of -900 to -1200 mV preferably used. The electrical potential may 
bo applied for 10 to 120 seconds, especially 20 to 60 seconds, most preferably 20 to 40 
seconds, depending on the thickness of sol-gel required 

Preferably the coupling agent is 3-Eunmopropyl-trimethoxysiilane (APTEQS) 

Coupling agents **ich have amino groups may be functionaUsed, e,g, by adding ferrocene 
or Iacto bionamide groups. This allows the electron transport ability of tfce sol-gel to the 
electrically conductive layer to be improved or the Stability of the gel to be modified. 
Preferably the laotobionamide is lactobionamidooctane. 

Glyddylproryltrmiethoxysilane may also preferably be added to the neutralised 



The silane coupling agents preferably comprise one or mote, especially two or mote 
reactive groups, such as amine groups that cross-link the silane moieties. 
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The inventors We found that omitting alcohols, audi as ethanol and/or dactrojrcdnceiB, 
such as nitrate, fiom the acidified sol suspension improves the stehjUhy of tie suspension, 
allowing to be stored for longer. Such alcohols or electrorediieers are usually added to the 
neutralised sol suspension, for example prior to or after the addition of alkali such as 
buffer. 

The electroreducer is one which reduces to form hydroxide ions or other such catalytic 
ions* upon application of the electrical potential. Preferably the electroreducer is nitrate. 

Tho inventors have found that the sol-gel may be stabilised by foe addition of one or more 
stabilisers such as a polyhydroxyalcohoi Examples include glycerol, polyethylene glycol 
(PEG) or polyvinyl alcohol. 

TWO or more enaymes may be used in a cascade; such enzymes may be mixed together and 
applied at foe same time. Alternatively they may be applied as separate layers. A fast 
layer is applied by switching on the electrical potential to form a first layer of sol-gel. The 
electrically conductive substrate is placed in a second neutralised sol suspension containing 
a second enzyme, and a second sol-gel layer is applied by switching On an electrical 
potential again. The sol used in the second suspension may be the same as or different to 
foe first suspension. 




The electrically conductive surfece may be carbon or a metal or metal alloy such as carbon 
paste, gold, platinum, or platinum-iridium alloy. This may form a part of a biological assay 
device, such as an electrode for a biosensor or a substrate for a microanay. 

The substrate may be an array of microneedles (Discover (1998) Vol 19). Those are small 
needles that can be used to penetrate foe skin with Jfttie or 710 paid, to a patient. The mefood 
of foe fovention may be used to form a biosensor using foe needles as electrodes or to put 
other biological compounds on the needles to allow them to assay for analytes in a patient's 
body. This would be used, for example as a painless glucose sensor for diabetics. 
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Two different electrodes may be provided, each electrode having a layer of sol-gel having a 
different biorecognition dement within it, formed by applying an electrical potential to a 



first electrode Tivhen m contact wife a first neutralised sol suspension containing a first 
biological material; sod 

selectively applying an electrical potential to a second electrode, what the second electrode 
is in contact with a second neutralised sol suspension containing a second biological 

Accordingly, the invention provides a method of producing a biological assay device, such 
as a biosensor or microarray comprising the step of producing a layer of sol-gel on an 
electrically conductive substrate by the method of the invention, 

The layer of sol-gel containing the biological material may be covered by an additional 
layer of sol-gel that docs not contain biological material. This additional layer may be used 
to filter out one or more Impurities before they reach the sol-gel layer containing the sol-gel 
containing the biological material or simply to provide a protective layer* 

The invention therefore provides a method according to the invention, additionally 
comprising the steps of: 

(e) providing an acidified sol suspension without any biological material; and 

(f) applying a negative elefclrical potential to the electrically conductive surface to 
cause a further layer of sol-gel to foim 

This further layer will be separated from the electrically conductive layer from the iEfast 
layer of sol-gel formed The second layer need not be neutralised as no biological material 
is used. However, neirtwlteitogthe acidified sol suspension may bo used to increase the rate 
of gel formation. 



Micrroarrays or biosensors may be fotmed by formings for example by printing or by 
producing using microprocessor technology audi as CMOS, pn electrically conductive 
layer on a substrate. If several different areas of conductive layer are formed then each 
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layer may be separately subjected to a charge when the substrate is placed on different 
Bol-gel suspensions. Ibis allows the formation of difSstent areas sal-gels containing 
different biological material 

The method of the invention may be used to foim an immunoassay devica In such a device 
the biological material is an antibody or a fragment of an antibody, such as a Fab or F(ab% 
fragment This may be used, for example with a labelled antigen (for example labelled with. 
3. radiolabel Or fluorescent label) to form competition assay to measure the presence or 
absence of our antigen of interest 

Accordingly „ preferably the method of the invention is used to produce an immunoassay 
device. 

Preferably the biological material is an antibody or a fragment of an antibody capable of 
binding a predetermined antigen, such as an Fab or F(ab') 2 fragment. 

The layer of sol-gel on its substrate may bo washed! with, for example, water or buffer. 

Biological assay devices, such as biosensors and nricroanays and immunoassays, obtained 
by using the methods of tbe invention arc provided. They may be used in combination with 
a potentiometer to detect electrical output from the sensor. 

Preferably the sensor is a microelectrode, for example of the type known, to the art The 
microelectrode substrate may be made from silicon. Silicon-based mkroelecttodes are the 
subject of a copending application 

Such microalectrodes need to be able to have a layer containing a biorecogmtion element 
selectively applied to the small area of the electrode. The method of the invention allows 
mis to be achieved relatively easily and controllably. Microeleqtfodes ate typically less 
than 10 mm long, most preferably 0.5 - 2 mm long and/or 10 - SO in diameter, which 
make methods of producing sol-gel layers difficult to control. The methods of the 
invention alleviate tins problem. 
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The use of biosensois, inicanDaxrays or immunoassays made by the imrejition to detect 



I analytes ate also provided. 

j 

Preferably, the analyte is selected firotn the following analytes, which are gives below, 



together with the preferred combination of enzymes used for their detection: 



glucose (glucose oxidase), lactate (lactate oxidase), cholesterol (cholesterol oxidase), 
galactose (galactose oxidase), gfotomale (glutaroate oxidase), hypoxanthine (xanthine 
\ oxidase), hydrogen peroxide {horse radish peroxidase), fittCtose (D-fiuctose 

dehydrogenase), ghrtamate (L-glntamate dehydrogenase), ethanol (alcohol dehydrogenase), 
methanol (methanol dehydrogenase), urea (urease), uric acid (unease and horse radish 
peroxidase), lactate (L-lactate dehydrogenase and glutamic pyruvic transaminase), creatine 
(creathnhasc and creatinase and sarcosine oxidase), glutamme and glntamate (ghmmimase 
or glutamate oxidase). 

M03t preferably the enzymes used am: 

Glucose oxidase - to measure glucose in, for example blood. 

A cascade eootemhig creatinine amidohydrolase (EC 3.5.2.10), and creatine 
amidohydrolase (EC 3.5.33) and sarcosine: oxygen oxidoreductase (demeibyia1ing)(EC 
1 5 3 1) may he used to measure creating eg- in blood These enzymes convert creatinine 
to creatine, creatine to satcosine, and sarcosme to glycine, forinaldehyde and hydrogen 
peroxide respectively, Hydrogen peroxide is measured at an electrode surface. 

Cholesterol may he measured using steryl-ester aeyl hydrolase (EC 3.1.1.13) and 
cholesterol: oxygen oxidoreductase (EC 1.1.3.6) to convert cholesterol ester to amongst 



Triglycerides may also he juensurod by converting mem to detectable hydrogen peroxide 
using a cascade of Lipoprotein Lipase (EC 3.1.1.34), ATP : glycerol S^osphotrenferase 
(EC 2.7.1.30) and glycerol 3^hosphate oxidase. 

Adenosine may use adenosine deaminase, nucleoside phosphorylase and xanthine oxidase 
to detect it. 
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ATP may be detected with, glycerol kinase and glycerol- 1 ,3 -phosphate oxidase. 

Xanthine oxidase may be used, for example, to detect hypoxanfhme. If xanthine oxidase is 
used together with nucleoside phosphoryiasa, then the electrode may be used to detect 
xanthine, ioosine and hypoxanthine, The addition of adenosine deaminase to the enzymes 
converts purines, such as adenosine, info mosine, therefore allowing the detection of 
purines such as adenosine by the sensor. 



The invention also provides a biosensor comprising an electrode and a sol-gel layer on the 
electrode, the sot-gel layer comprising an enzyme and optionally a stabiliser. The 
components of the biosensor may bo as defined above. A further layer of sol-gel, optionally 
Without any biological material, may be on top of the sol-gel layer fXKrtainijig the enzyme. 

The invention will now be described by way of example only, with reference to the 
following figures: 

figure 1 shows tbe response of a sensor made by an alternative technique, 

Figure 2 shows the response of a sensor made, using the method of the invention. 

Figure 3 shows the response of a sensor made using an alternative method of tbe 
invention. 




L COMPARATIVE METHODS 

The tttffce enzymes., adenosine deaminase (AD), nucleoside phosphorylase (PNP) and 
xanthine oxidase (XO), were purchased from Sigma. Physiological saline contaioittg 115 
mM NaCl, 2.4 mM NaHCO*, 10 raM HBPES, 3 mM RCl, lmM MgCl^ 2mM CaCl* ImM 
NaHjPO* ImM NaaHPO^ at pH 7 A was used in alt experiments to test end use the season 
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j Synthesis of amphipMUic pyrrole (monomer I),' (U-PytroJ-l-yldodei^Qtrietfiylain- 

1 monxnm Tetraflnoroborate 



Briefly, potassium metal (1 molar eq.) was added in small pieces to a solution of pyrrole 
(0.97 molar eq.) in dry THF, the mixture was stiircd trader rinrogen for 12 hours. After 
filtration the yellow solid was 'washed with cold THF and vacuum dried. Pyrrolyl 
potassium (T) (1 molar eq.) and 12-bromododecanol (0.5 molar eq.) were refluxed for 30 
min in a mixture of dry THF and dry DMSO (4: 1). The resulting solution was diluted with 
water and extracted With PCM. The organic phase was dried over Na2S04 and rotary 
evaporated. The desired product was purified by chromatography on a silica column eluted 
With a 1:1 hcptane-diethylether mixture. A solution of 12-pyrrol- 1-yldodecan- l-ol (II) (1 
molar eq.) and tosyl chloride (1 molar eq.) in anhydrous pyridine was stirred at 5°C for 12 
hours. The mixture was poured into water and extracted with diethylether. The organic 
phase was washed four times with 5% HO aqueous solution and once With water; after 
drying over Na2S04 the solvent was removed under reduced pressure. The desired product 
was purified by chromatography on a silica column eluted with a 1:1 heptaae-diethylethcr 
nuxmre. 12-PyiroL-l-yldodecyI />Toluenesulfonato (TO) (1 molar eq.) was refluxed for 24 
hours in dry eth&nol in the presence of Iriethylamlne (3 molar eq.). After vacuum 
evaporation of the solvent and excess amine the product was purified by chromatography 
on a silica column eluted with a 9:1 CH3CN-H20 mixture. 
(12-Pyrrol-l-yldodecyl)triethylanimorjium Tosyl ate (TV) was dissolved in 1:1 
water-methanol mixture (~10ml / lOOmg), the solution was then stirred with 
anion-exchange resin (Amberlite JDRA 900-Gl) in BF4- for 1 hour. After filtration this 
process was repeated four times. Evaporation of the solvent by fteeze-dxying gave the 
desired product as white powder. Final purification by chromatography on a silica column 
eluted with a 9:1 CH3CN-H20 mixture lead to the pure desired product (V). 
•H NMR (CDC1 3 ) d (ppm) 1.3 (m, 25 H, H-3> H-7), 1.60 (m, 2 H, H-4), 1.70 (t, J=* 7 Hz, 2 
H, H-3). 3.10 (q, 3.5 Hz, 2 H, H-5), 33 (m, 6 H, Hh5), 3.85 (t, J= 7.6 Hz, 2 H, H-l), 
6.10 (t, J= 1.5 Hz, 2 H. H-a ), 6.6 (t, J~ 1.5 Hz, 2 H, H-b); MS (TOF) miz, M% 335. 

Synthesis of the Lactobionaruide pyrrole (monomer 2): S-Pyrrol-l-Iactabinnamido- 
octane 

hi brief, S-Pyrrol-l-yloctaCyl p-Tolnenesulfonate (I) (I molar eq.) was refluxed in dry DMF 
with sodium azide (5 molar eq.) until the reaction was complete. After removal of the 
solvent under reduced pressure, the residue was dissolved in Et20 and the insoluble salts 
were filtered off. After vacuum evaporation of the solvent the azide intermediate (D) was 
obtained as an orange oil, This product was then heated with an excess of Dhmothrertol (5 . 
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molar eq<) in DMF and triethylamine (5 molar eq.) for 3 0 min at R.T. The resulting mixture 
was then poured into water and extracted wfth Et20. After drying the solvent over Na2S04 
and rotatory evaporation the desired product was obtained as a yellow oil. 
8-Pyrrol- 1 aminooctane (III) (1 molar eq.) was added to a solutjpa, of laotoMonic acid (1 
molar eq.) in methanol* the mixture was refhsced for 24 hours. The solvent was evaporated 
under vacuum and the product was obtained as a pale yellow powder (IV)* 
J HNm(CDCl,)d<^ 1.45 (rn, 2 H, H-3), 1.7 (m,2H»H-l), 

3-5,5 (m, 23 H, H-5), 6.1 (m, 2 H, H-a), 6,6 (m, 2 H, H-b), 7.8 (t, 1 H, H-4); MS (TOF) 
m/2,M+Na,557. 

Solubilization of monomers 

Monomer 1 solution was made by mining 5 mg of monomer with. 1 ml of water and 
vigorously stfcriog with a vortex, the mixture was then, sonicated for 5 minutes, after 
adding 10 % (v/v) CH3CN and mixing again a white suspension was obtained. 
Electxopolymcrization of monomer 2 was performed in 0-1M LiClOa deacrated aqueous 
solution with 10% (v/v) CHuCN. 

Apparatus 

A potetrtiostat (Model AEW-2) from Sycopel was used to electpochemically deposit the 
different polymers and test the sensor. The sensor was used m vivo with a World Precision 
Instruments Micro C potentiostai interfaced to a PC by an A to D converter board (Data 
Translation). In all oases an Ag/AgCl was used as reference electrode; no counter electrode 
was needed due to the small sfee of the working electrode. The electrochemical cell for 
deposition consisted of a capillary of 1 .5 mm diameter and 2 cm length. 

Sensor fabrication 

Assembly and cleaning 

The microelectrode was assembled by soldering 2 cm of sensing wire to a copper wire with 
a tenninalmg pin. Initially 250 mm pure Pt wire was Used, which was subsequently etched 
to the desired final diameter. However pure Pt wire is very soft,, limiting the smallest usable 
diameter to around 50 mm. To make sensors of even smaller diameter JPt/Ir wire (90/10 
from Goodfeilow Metals) in diameters ranging from 25 to 100 nun. was also used. This 
PWr wire is much stiffec, yet can still be used to mate MgWy sensitive electrochemical 
sensors. 
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All but tihie final 2 mm of the Pt wire was protected by a polled glass capillary that was 
fused by heat to the wire. The central part of the assembly was insulated with best shrink 
tubing. The exposal tip of Pt was then, etched under visual inspection by 1J2 V AC 
electrolysis in 2M NaCl using a spiral Pt coil as counter electrode (SteviA etaL, 1 999). The 
final diameter ranged from 25 mm to 100 mm depending on the extent of etching. Note that 
the 25 mm Ptffr wire was sufficiently small to be used without further etching. In addition 
wd found that excessive etching of the Pt/fr wire produced a sutfece mxfevorable for 
polymer deposition. 

The exposed electrode was then coated with Sylgard (resin 184, Dow-Cortiing) to leave a 
flttal length of exposed Pt This length was varied to suit the experimental requirements 
md w© have constructed sensors that range in length from 300 mm to 2mm. Careful 
surface preparation of the Pt electrode was Crucial to the ability to deposit the pyrrole 
polymer and to the overall sensitivity of the sensor. Without careful cleaning of lie Pt 
surface, the polymer layers would not grow sufficiently well to entrap the eo^yrjtts 
efficiently. The pt electrode was therefore cleaned by cycling m OA M H3SO4 from 
-lOOmV to lOOQraV (versus Ag/AgCl reference, scan rate 100 mV/s) for 15 times. Before 
polymer deposition the electrode was held fft 1 000 mV for 1 minute. 

All sensors involved a first layer of LBA derivative polymer formed by cycling the 
electrode 15 times from 0 to 800 mV, scan cats 100 mV/s m a de-aerated solution of 
monomer 2 (10 mM) hi OA M LiCIO,, 10% CH*CN (Fig 2). After this procedwe the 
exposed Pt appeared blade in colour. The unbound monomer was removed by washing the 
electrode in stirred cfflbQ for 5 min. To entrap the enzymes the electrode was then 
immersed in a solution of monomer I (5 ttig/ml, 10% CHaCN) coining the desired 
enzyme, and Ac potential held to 760 mV for 10 minutes. To save monomer and enzymes, 
the polymer deposition was carried in a mini-chamber of 10 mL volume consisting of a 
short capillary glass tube* 



To make an adenosine sensor three layers wore deposited from solutions of monomer 1, 
firstly 1 17 of AD in 10 ml was used, followed by 1 U of ia 10 ml and tbm 5 U of XO 
also m 10 ml. This procedure could be optionally repeated to give a sensor of greater 
sensitivity. Before testing the sensor was stirred in phosphate buflfefr for 5 minutes to wash 
unbound monomer and enzyme. Null sensors were made by depositing the same first layer 
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of LBA polymer followed by a second layer of aoipMpbJHc polymer, deposited fox 5 min. 
at 760 raV from a solution of monomer 1 with no enzymes 

2. METHOD OF THE INVENTION 

Solutions were made up in distilled water unless otherwise indicated. 
(A) Example X 

(i) Acidified TMOS suspension! 

7.39 ml TMOS 
1.69 mL distilled HkO 
0.11 ml. 0.04 MHCI 

Sonicated on ice for 20 rains, stored on ice for up to several days, 
(ii) APTEOS suspension 
5.55ml.APTEOS 

pH adjusted to pH 3 witft cone HCl and then sonicated on ice for 20 mins. prior to 
storing on ice, 

Oii) Neutralised sol suspension 

Mix: 

1 part acidified TMOS suspension 

1 part APTJBOS 

2 parts ethanol 
2 parts 1M glycerol 
4 parts Trls 50 mM pH 6.3 
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2parts0.4MKNO 3 

1 part PEG (400 av. mot wl) 

1 part DBAE - dextran 



This was stored on ice. 
(iv) Film formation 

Enzymes were usually added just before use. Film formation on the electrode, such 
as Pt or Pt/Ir alloy 20-40 seconds. Adenosine Deaminase, nucleoside 
pbosphorylase and xanthine oxidase (AD, PNP and XO), in this particular example, 
were mixed together just prior to applying the electrical potential. 

O) Example 2 - dual layer eleetmde 

A biosensor was constructed in a similar manner to Example 1, but using (he following 
compounds: 





Ratio fvol/ypn 


Acidified TMOS 


0.6 


Acidified APTEOS 


0.1 


Acidified M1MOS 


0.3 


Lactitol (IM) 


1 


Ca<NO a ) 2 (0.2M) 


1.5 


Tris(pH7,50mI»!0 


2 


PEG 400 (100%) 


I 



MTMDS is mriiyltrinTCfrtoxyailane, acidified in the same manner as TWOS from Example I . 



2.5 U gJycerol-3-phosphate oxidase was dissolved in 10 pi 10% Dextran (pH7) and 10 pi 
sol was added. This was deposited onto an electrode, such as a Pt or Pt/Ir for 
approximately 30 seconds to form a first layer of sol 
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RESULTS 

Figure 1 shows typical results from another electrode system (~ 100 pA for 10 uM 
adenosine, -200 pA for lO^M inosine and ~5nA xanthine). 

The electrode of the invention, produces typical road-outs as shown in Figure 2. The 
response was lOuM adenosine (-8 «A) and lOuM inosine (~9 nA). Increases in sensitivity 
of approximately 100-fold compared -with the previous electrode was observed. 
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The second electrode results are shown in Figure 3 for 100 uM, 50 hH 20 uM and 10 jsM 
ATP. 
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Claims 

1, Method of producing a layer of a sol-gel on a substrate comprising the steps of 

(a) providing an acidified sol suspension; 

(b) at least partially neulralismg the acidified sol suspension to form a 
neutralised sol suspension; 

(c) contacting an electrically conductive surface with, the neutralised sol 
suspension; and 

(d) applying an electrical potential to the electrically conductive surface to 
cause a layer of sol-gel to form on the surface of the electrically conductive 



2. A method according to claim 2, additionally comprising the step of adding one or 
more biological materials to the neutralised sol suspension, prior to applying the electrical 
potential to the electrically conductive surface (step C). 

3. A method according to claim 2, wherein the biological material selected from an 
enzyme, anliboxy, fragment of an antibody, nucleic arid, polysaccharide, oligosaccharide, 
biomimetic polymers* virus, microorganism or a whole cell. 

4. A method according to any preceding claims, wherein the acidified sol suspension 
has apH of less than pH 4. 

5. A method according to any preceding claim wjberein the acidified sol suspension is 
neutralised to between pH 5 and pH 7.5. 

6. A method according to any preceding claim wherein the acidified sol suspension is 
neutralised by the addition of a buffer. 
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7- A method according to agy preceding claim wherein the sol comprises a sol of 
alkoxysilane, alumina, colloidal metal hydroxide, ceramic oxide or zixconia 

8. A itfotbod according to claim 7, whesm the sol has tihe general formula: 



Ra 

I 

R, - SiQ a, 



I 

R3 



where* 



Ri " straight chain* branched chain, cyclic, nan~cycKc> saturated or non-saturated, 

substituted or non-substituted aBcyl; substituted or non-sab^fctfed aryl; 
-NRjs; and -CO]EC«; preferably contatfnirtg 1, 2, 3, 4, 5 or 6 carbons; 

Ra, Ra and R* arc independently selected from; straight chain and branched chain, cyclic or 
^Ott-cyclic, saturated or non-saturated tfkyk -COR*; alkyl; and 
-0-COR«; preferably containing 1, 2, 3, 4, 5* or 6 carbon atoms; 

Rs branched or non-bran ctocd cyclic or nonr-cyclje, sanitated or non-saturated 

aliyl; or •=a ^ ? preferably containing 1, 2,. 3» 4, 5, or 6 carbon 

atoms; 

Ra ~ mcthyL> ethyl or propyl. 



9. A method according to claim 8, -wherein the sol id mrihjitrimethoxyailane 
(MeTMOS) or tetrame&ylsilio^e (TMOS), 
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10. A method according to any preceding claim, wherein the electrical potential applied 
to the electrically conductive surface is -900 to - 1200 mV, 

11. A method according to any preceding claim, wherein the electrical potential is 
applied for 20 to 120 seconds. 

12. A method according to any preceding claim wherein the acidified sol suspension 
does not contain an alcohol and/or an olectcoreducer. 

13. A method according to any preceding claim wherein an alcohol and/or an 
electroreducer is incorporated into the neutralised sol suspension, 

14. A. method according to any preceding claim comprising adding a silane coupling 



15. A method according to claim 14, comprising incorporating functiooalised or 
non-fbnctionalsied APTEOS the neutralised sol suspension. 

16. A method according to claim 15, wherein the APTEOS is fonctionMfeed with a 
ferrocene or a lactiobionic group, 

17. A method according to any preceding claim, wherein the neutralised sol suspension 
additionally comprises one or more stabilisers. 

18. A method according to claim 17 wherein the stabiliser is selected from a 
polyhydroxyalcohol, such as glycerol, polyethylene glycol or polyvinyl alcohol. 

19. A method according to any one of claims 3 to 1 8, wherein the enzymes are selected 
fiom xanthine oxidase, glucose oxidase, lactate oxidase, cholesterol oxidase, galactose 
oxidase, glutamate oxidase, borce radish peroxidase, polyphenol oxidase, D-fiructose 
dehydrogenase, L-gluiamate dehydrogenase, alcohol dehydrogenase (such as methanol 
dehydrogenase), mease, unease, lactate dehydrogenase, glutamic pyruvic transaminase, 
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cteafinase, sarcosinc oxidase, ghitammase, nucleoside phosphorylase, ascoxbate oxidase, 
cytochrome C oxidase, arifliKreme deaminase, D- or L-amino acid oxidase, tyrosinase 
and/or cholixxed^hydxo^nasc. 

20. A method according is any one of claims 3 to 19, wherein two ot more enzymes are 

21. A method according to claim 20 wherein each enzyme is appKed as a separate layer. 

22. A method of producing a biological assay device* Such to a biosensor or a 
microarray* comprising the use of a method, to defto ed in any preceding claim to produce a 
layer of soHjel containing a biological material onjo a substrata. 

23- A method according to claim 22a wherein the electrically conductive surface is an 
d$cttodc. 

24. A method according to claim 23, wherein the biosensor or arieroareay cocoprises 
two electrodes, each electrode hawing & layer of sot-gel having a different binrecognition 
element withia it, formed by applying an electrical potential to a first electrode when irti 
contact with a first neutralised sol suspension containing a first biorecogjtition element; 



selectively applying an electrical potential to a second electrode, when the second electrode 
is in contact with a second neutralised sol suspension containing a second biorccognition 
element. 

24, A biological assay device obtainable by a method according to any preceding claim. 

26. In combination, a biological assay device according to claim, 25 with a 
potentiometer. 



27. Use of a biological assay device according to claim 25 or the combination 
according to claim 26, to detect one or more anatytes. 




FIGURE 3 
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